Autosomal dominant polycystic kidney disease (ADPKD) is heterogeneous with regard to genic and allelic heterogeneity, as well as phenotypic variability. The genotype-phenotype relationship in ADPKD is not completely understood. Here, we studied 741 patients with ADPKD from 519 pedigrees in the Genkyst cohort and confirmed that renal survival associated with PKD2 mutations was approximately 20 years longer than that associated with PKD1 mutations. The median age at onset of ESRD was 58 years for PKD1 carriers and 79 years for PKD2 carriers. Regarding the allelic effect on phenotype, in contrast to previous studies, we found that the type of PKD1 mutation, but not its position, correlated strongly with renal survival. The median age at onset of ESRD was 55 years for carriers of a truncating mutation and 67 years for carriers of a nontruncating mutation. This observation allows the integration of genic and allelic effects into a single scheme, which may have prognostic value.
Autosomal dominant polycystic kidney disease (ADPKD) is the most common kidney disorder with a Mendelian inheritance pattern, with a prevalence ranging from 1/400 to 1/1000 worldwide. 1 ADPKD shows both locus and allelic heterogeneity. Two causative genes-PKD1, located at 16p13.3, 2 and PKD2, located at 4q21 3 -have been identified, and the ADPKD mutation database (http://pkdb.mayo.edu/) describes .1000 pathogenic mutations (929 in PKD1 and 167 in PKD2 as of June 5, 2012) , not including our most recent data. 4 ADPKD also shows high phenotypic variability, as exemplified by the wide variation in the age at onset of ESRD, 5 which is defined as the requirement of dialysis or transplantation. Genotype-phenotype correlation studies underscore two major issues. First, on average, ESRD occurs 20 years earlier in patients with PKD1 than those with PKD2, 6, 7 indicating a genic influence on the ADPKD phenotype. Second, the position of the PKD1 mutation is associated with the age at ESRD onset, 8 suggesting an allelic influence on ADPKD phenotype. However, these observations were made .10 years ago, when mutational analysis of the PKD1 and PKD2 genes (particularly of the nonunique portion of the PKD1 gene 2, 9 ) was substantially less comprehensive and sophisticated than it is currently, 4,10 the methods for predicting the potential pathogenicity of missense mutations were in their infancy, and the studied patient cohorts were relatively small. To confirm (or refute) these earlier observations, we performed a genotype and phenotype correlation study using the Genkyst cohort, which comprises patients with ADPKD recruited from all private and public nephrology centers in the Brittany region, namely, the western part of France.
RESULTS

Description of the Cohort and Distribution of the PKD1 and PKD2 Mutations
This study included all 741 patients with ADPKD and molecular genetic analytic data (416 female and 325 male patients; 519 pedigrees) registered in Genkyst between early 2009 and July 2012. The mean age 6 SD at inclusion was 53.4614.8 years (range, 5.45-89.5 years). Pathogenic mutations in the PKD1 and PKD2 genes were found in 392 (75.5%) and 95 (18.3%) of the 519 pedigrees, respectively (Table 1) . No mutation was identified in the remaining 32 pedigrees (6.2%); the overall detection rate was thus 93.8%. The phenotypic characteristics of each patient group, including age, sex, BP status with age at diagnosis of hypertension if available, and CKD stage in terms of estimated GFR (calculated using the Modification of Diet in Renal Disease formula), are provided in Table 1 .
A large number of the pathogenic mutations in the current study were confined to single pedigrees. Thus, a total of 342 different mutations were found in the 487 mutation-positive pedigrees (296 PKD1 mutations in 392 pedigrees and 46 PKD2 mutations in 95 pedigrees). Approximately two thirds of the 342 PKD1 mutation-positive pedigrees and almost 95% of the 95 PKD2 mutation-positive pedigrees carry truncating mutations (i.e., nonsense mutations, frameshift mutations, splicing mutations, and large rearrangements) ( Table 2) . 
Allelic Influence of the PKD1 Gene
To address the issue of allelic influence on phenotype in ADPKD, we first investigated the relationship between the type of the mutation and renal survival. To this end, we studied renal survival in two main categories of PKD1 mutations, defined by their truncating effect on polycystin 1. As shown in Figure 1A , the median age at ESRD onset in the truncating mutation group (i.e., frameshift, nonsense, splice mutations, and large rearrangements) was 55.6 years (95% CI, 53.6-57.7 years), and mutations with no truncating effect (i.e., in-frame mutations and missense events) were associated with a 12-year delay in ESRD onset (median age, 67.9 years [95% CI, 62.4-73.4 years]) (P,0.0001). This difference was also reflected by the proportion of truncating mutations in four groups of patients, corresponding to the quartile of renal survival in patients with PKD1 (i.e., quartile 1, ESRD before 50.5 years; quartile 2, ESRD between 50.5 and 58.2 years; quartile 3, ESRD between 58.2 and 68.4 years; and quartile 4, patients .68.4 years without ESRD). In the mildest phenotype group (i.e., quartile 4), the proportion of truncating mutations (46.6%) was significantly lower than in each of the other three quartiles (quartile 1, 83.3%; quartile 2, 78.9%; and quartile 3, 74%; P,0.05) ( Figure 2A ). Moreover, we assessed the robustness of our survival analysis using a Cox multivariate model, taking into account age and sex. We found no effect of BP status, smoking, hematuria, or mutation position on renal survival in the univariate analysis (Table 3) ; therefore, these variables were not entered into the multivariate analysis. A strong effect of Second, we evaluated the influence of mutation location along the PKD1 gene. Patients with PKD1 were separated into two groups according to the mutation position around the median: nucleotide 7815 within exon 19. Renal survival plots comparing these two groups showed no significant difference between the 59 and the 39 end groups (P=0.69) ( Figure 1B) . In addition, we conducted the same analysis within four groups defined by the quartile of mutation position (quartile 1, 59 end to nucleotide 4617; quartile 2, nucleotide 4617-7815; quartile 3, nucleotide 7815-10745; and quartile 4, nucleotide 10745-39 end). Again, we found no significant differences in terms of renal survival. We further compared the median mutation positions in the four groups of patients corresponding to the quartile of renal survival in the PKD1 patients and found no significant differences (P=0.46) ( Figure 2B ). We also studied the position effect separately in the context of truncating and nontruncating mutations and, again, found no statistically significant differences (data not shown).
DISCUSSION
We report here our genotypic and phenotypic analyses using data from Genkyst, one of the largest cohorts of patients with ADPKD worldwide. The Genkyst cohort is a valuable resource for investigating the role of genetic factors in renal disease evolution to ESRD because it aims to include all consenting patients followed in public and private nephrology centers of a unique geographic region, no matter the CKD stage. Indeed, the preferential inclusion of patients treated for ESRD (with dialysis or transplantation) could lead to the selection of only patients with severe phenotypes and may not take into account the milder forms of the disease.
Our overall mutation detection rate, 93.8%, was higher than the previously reported 86%-89%. 11, 12 This improvement is mainly due to the following two reasons: (1) the thorough analysis of the entire coding sequences and all the exon/intron boundaries of PKD1 and PKD2 for both conventional mutations (i.e., single nucleotide substitutions, small insertions, and small deletions) and gross genomic rearrangements 4 and (2) the identification of a significant number of milder mutations. In addition, it may be possible that rare founder mutations have been considered as "recurrent" ones, thereby slightly increasing our mutation detection rate. We describe here a high level of private mutations (70.2%), which is consistent with previous findings. [10] [11] [12] We cannot exclude the possibility that some recurrent mutations might in fact be due to the presence of a common ancestor. However, to date, we have not been able to establish any genealogic link between these families despite careful reanalysis of the pedigrees. A consequence of this putative misclassification would be the creation of some artificial mutational hotspots. Nonetheless, this potential caveat is unlikely to have any undue influence on our main conclusions (see below) because our genotype and phenotype correlation was based on the number of included patients, irrespective of the number of families involved.
Analysis of renal survival ( Figure 1A ) confirmed the previous observation that PKD2 mutations are associated with renal survival that is approximately 20 years longer than that seen with PKD1 mutations. However, our observed median ages at onset of ESRD for PKD1 and PKD2 mutation carriers (58.1 years versus 79.7 years) are 3.8 and 5.7 years older than the previously reported 54.3 and 74 years, 7 respectively. This discrepancy may be attributed to the following reasons. First, the previous study 7 was performed 13 years ago. Improvements in nephroprotective strategies over this period may have contributed to the increased renal survival. Second, all our patients were recruited from the same region in France and thus form a relatively homogeneous population. The presence of common protective genetic or environmental factors in these patients cannot be excluded. Third, and perhaps most important, earlier studies typically analyzed traditional, large families, which are often affected by severe mutations. In contrast, our study identified a significant number of mild or "hypomorphic" alleles.
The sex effect reported in our study for the PKD1 gene, with an earlier onset of ESRD in male patients, has previously been described, 13, 14 but not unanimously. 7, 8 Nonetheless, this sex influence is moderate, both in our study and in previous ones, which may explain the conflicting results.
To our knowledge, this is the first study to show a strong effect of PKD1 mutation type on renal phenotype, but we found no effect of mutation location at the population level. Indeed, we showed a 12-year delay in ESRD onset in patients harboring a truncating mutation of PKD1 compared with patients with nontruncating mutation of PKD1. The risk of developing ESRD was 2.74 times higher in patients with a truncating mutation than in patients with a nontruncating mutation of PKD1. Within the PKD1 population, this aspect is, to our knowledge, the most effective predictive factor of the evolution of ESRD ever reported.
In contrast to our conclusions, Rossetti et al. reported that the position but not the type of PKD1 mutation correlates with the severity of renal disease in ADPKD. 8 Specifically, on the basis of the analysis of 324 patients with PKD1 from 80 different families, in whom the age at onset of ESRD was known for 152 patients, the authors concluded that "patients with mutations in the 59 region [i.e., 59 to the median position at nucleotide 7812; the full-length PKD1 mRNA sequence is ;14,000 bp] had significantly more severe disease than the 39 group; median time to ESRD was 53 and 56 years, respectively (P = 0.025)." In contrast, the authors found no significant differences among patients with truncating mutations, in-frame changes, and missense mutations in PKD1. Thus, in terms of allelic influence, our findings are in direct opposition to previous ones. 8 The three caveats mentioned in the introduction (i.e., the improvements in both molecular analyses and the scoring of missense events in the last 10 years and the smaller size of the former study cohort) may certainly explain this discrepancy. Moreover, our findings are indirectly supported by the literature. Although no similar observations have been reported in autosomal dominant diseases, two studies performed in the context of autosomal or X-linked recessive diseases have shown that truncating mutations are significantly more severe than nontruncating mutations (predominantly missense mutations). 15, 16 Most of the nontruncating PKD1 mutations in our study are also missense mutations (Table 2) . It is tempting to speculate that some of these missense mutations may represent "hypomorphic" alleles. 17 In fact, this hypothesis is well supported by recent publications. Cases of milder ADPKD phenotypes have been reported in members of pedigrees harboring missense mutations compared with relatives, co-inheriting the missense mutation with another mutation in PKD1 or PKD2. [18] [19] [20] Moreover, the dosage dependence of cytogenesis has recently been highlighted by a new PKD1 murine model. 21 As illustrated in Figure 1A , our analysis led to a refinement of the genotypic and phenotypic relationship in ADPKD, with nontruncating PKD1 mutations identified as being associated with an intermediate severity in terms of age at ESRD onset (67.9 years) between truncating PKD1 mutations (55.6 years) and PKD2 mutations (79.7 years). This new information, which integrates the genic and allelic influences on phenotype into a single scheme, may be of significant prognostic value. Moreover, the costs of sequencing reactions and analyses are expected to decrease steadily in the coming years. Many factors have contributed to this decrease, such as the automation of reaction preparations (i.e., for PCR reactions) and the development of next-generation sequencing technologies, as recently described for PKD1 and PKD2. 10 In that setting, the molecular analysis of PKD1 and PKD2 could be more readily conducted for determining prognosis. In the context of emerging targeted therapies, this new prognostic tool may help identify patients who could benefit from treatment at a presymptomatic stage of the disease. However, it is important to keep in mind that for each of the two mutation type categories, extreme ESRD ages exist. Thus, taking into account the mutation type alone to predict renal outcome in PKD1 individual patients could be misleading.
Beyond the demonstration of this allelic influence upon renal survival for PKD1, the identification of modifier genes is an important goal, but studies to this end have remained inconclusive to date. 5 Nevertheless, case reports of early and severe ADPKD have recently highlighted the role of mutations in additional PKD genes (HNF1b, PKD1, PKD2, or PKHD1) in aggravating the phenotype. 19 In the future, integrating the different components of genetic heterogeneity in ADPKD, such as the gene involved, the type of PKD1 mutation, and the coexistence of eventual modifier genes, will be complex but may improve our ability to predict the severity of renal disease.
CONCISE METHODS
Patients
Genkyst is a regional cohort involving up to 73 nephrologists working in all 17 private and public nephrology centers in the Brittany region (Bretagne), France. It registers clinical and molecular genetic data of all consenting patients with ADPKD from this area. The ADPKD diagnosis was based on renal ultrasonographic findings in accordance with previously described criteria. 22 All 741 participating patients (from 519 pedigrees) with molecular genetic data were recruited between early 2009 and July 2012, through nephrology consultation, from dialysis centers, or during consultations or hospitalizations for monitoring of kidney transplants. Repartition of the 741 patients according to estimated GFR using the MDRD formula is available in Table 1 . All participants provided informed consent, and the local ethics committee approved the study.
Mutation Analysis
Most of the 741 participating patients had been included in our recent mutation report, which analyzed patients from both the Brittany region and other regions in France. 4 For the newly recruited patients, mutation detection and pathogenicity prediction for missense mutations were performed as previously described. 4 Briefly, to assess the pathogenicity of missense variants, four different methods were combined: Grantham matrix scoring system, Align Grantham Variation Grantham Deviation; 23 PolyPhen (http://genetics.bwh.harvard.edu/pph/); 24, 25 Sorting Intolerant from Tolerant; 26 and Mutation Taster. 27 All missense mutations predicted to be pathogenic (together with their predicted scores by the different algorithms and the number of affected and unaffected members) are provided in Supplemental Table 1 .
Statistical Analyses
All statistical analyses were performed using SPSS software, version 19 (SPSS, Inc., Armonk, NY). Renal survival was analyzed using the Kaplan-Meier method. The differences between the survival curves of the tested groups were assessed by means of a log-rank test with a 0.05 significance level. The effects of age (,45 years, 45-65 years, .65 years), sex, and truncating versus nontruncating mutations on renal survival were analyzed using the Cox proportional hazard model. Avariable was entered into the multivariate analysis when it was found to be associated with the occurrence of ESRD in univariate analysis at a conservative threshold of 20%. The presence of high BP (defined as systolic BP .140 mmHg, diastolic BP .90 mmHg, or the need for antihypertensive medication), positive history of macroscopic hematuria, smoking status (former or active), and mutation position were excluded from the multivariate analysis because they failed to meet this criterion. The final model was chosen by performing a backward selection based on the maximum likelihood estimation. Adjusted hazard ratios with their 95% CIs are presented. In addition, the means were compared using the t test and medians using a nonparametric Mann-Whitney test or a Kruskal-Wallis test depending on the number of groups.
